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I. INTRODUCTION
Bioethanol produced from lignocellulosic biomass have been considered as one of the most attractive and promising renewable energy sources [1] . The most abundant sources of lignocellulosic materials are forestry and agricultural residues which are considered as renewable, low-priced, noncompetitive to food sources, and available sources for future energy [2] . The chemical composition of the lignocellulosic materials mainly consists of cellulose, hemicellulose, and lignin. Compositions of the lignocellulosic materials are different in cellulose, hemicellulose, and lignin contents as well as in the structure of the materials and how they entangled together. In the complicated created matrix of the lignocellulosic material, cellulose is well protected and surrounded by hemicellulose and lignin which makes the cellulose recalcitrant for degradation and producing glucose out of it. In order to make the cellulose more accessible for enzymes, pretreatment of the lignocellulosic substrate is unavoidable to have an efficient enzymatic cellulose hydrolysis in next step [3] - [6] . Numerous research studies have demonstrated that SSF process is capable of improving the biomass conversion by reducing the inhibitory impact of converted sugars [7] - [10] . Usually, a high ethanol concentration and yield from SSF is prerequisite to make the process economically feasible. Nevertheless, the contribution of enzyme costs to the economics of lignocellulosic biofuel production continues to be a major barrier for the commercial-scale production of bioethanol [11] - [13] . There is potential for cost reduction by optimizing the operating conditions of SSF process so that maximum ethanol concentration and yield can be achieved at relative lower enzyme loading.
Main factors affecting the final ethanol concentration and yield of SSF process include substrate concentration, enzyme loading, solution pH, and reaction temperature [14] , [15] . Due to the compromise between reaction conditions for hydrolysis and fermentation processes, the optimal pH (5.0) and reaction temperature (37°C) of SSF process turned out to be very restricted [14] , [16] . Dissimilarly, the optimal substrate concentration and enzyme loading are very difficult to be determined [17] - [19] . To obtain high ethanol concentration and yield, a high substrate concentration and, hence high water insoluble solids (WIS), has to be used in the SSF process [20] - [22] . However, high substrate concentration leads to substrate inhibition, which substantially lowers the rate of the hydrolysis and metabolism of yeast [21] . For optimal enzyme loading, increasing the dosage of enzymes, to a certain extent, is able to enhance the yield and rate of the hydrolysis, but also significantly increases the cost of the process [23] . Systematic optimization of the SSF process regarding the substrate concentration and enzyme loading needs to be carried out.
Monomeric sugars released from the pretreatment process are also served as the feedstock of SSF process. The initial concentration of the fermentable sugars varies based on the pretreatment method and the raw biomass materials used. The concentration of fermentable sugars definitely affects the final ethanol concentration and yield of a SSF process because sugar concentrations have significant impacts on the reaction rates of both enzymatic hydrolysis and fermentation. It is therefore important to investigate how the initial concentrations of fermentable sugars influence the SSF process. So far very limited research work has been performed to address this issue [24] . In the current study, the interactive influence of the initial concentrations of fermentable sugars and enzyme loading on the SSF of cellulose to ethanol has been explored to provide the profound insight on the process improvement. 
II. MATERIALS AND METHODS

A. Feedstock
Extra pure microcrystalline cellulose, ACS grade glucose and 99% mannose were used as feedstock for SSF process. Cellulose content was adjusted to 5% (w/v) and initial fermentable sugar concentration was considered at high and low levels in order to evaluate the impact of sugars concentration on ethanol yield.
B. Enzymes
To provide the activities of 10, 15, and 20 FPU/g cellulose, cellulose enzyme from Trichoderma reesei (ATCC 2921), was utilized and supplemented with β-Glucosidase with the fixed activity of 30 U/g cellulose. The SSF process takes place in a single reactor with a series of the simultaneous reactions presented in equation 1. Produced glucose from the hydrolysis process is then fermented to ethanol by yeast.
C. Yeast Preparation
In order to evaluate the SSF performance, ethanol yield was considered as the determinant parameter. Total amount of sugars in the reaction media includes glucose, mannose, and convertible glucose from cellulose and defined as:
where the [G] 0 , [M] 0 , and [C] 0 are the initial amount of the glucose, mannose, and cellulose, respectively. The constant 1.111 is the stoichiometry conversion factor of cellulose to glucose. According to total available sugars, the theoretical maximum ethanol that can be calculated as:
The constant 0.511 is the stoichiometry conversion factor of glucose to ethanol. The ethanol yield is defined as the ratio of experimentally produced ethanol to maximum theoretical ethanol by Eq. 4.
E. Analysis Method
The Dionex HPLC system including a binary HPG-3200SD pump, an ACC-3000 autosampler, RefractoMax 521 RI detector, and Chromeleon 7 software were used for the analysis of concentrations of ethanol, glucose, mannose, and cellobiose. All the samples were taken in duplicate, centrifuged, filtered by 0.2 µm sterile filter and finally stored in a freezer for further analysis. Two Agilent columns: Agilent Hi-Plex H and Agilent Hi-Plex Pb columns were implemented to analyze the samples. Temperature for the RI detector was adjusted at 55°C and for the HPLC column was set to 50°C. DI water and 0.005 M sulfuric acid both with the flowrate of 0.7 mL/min, were used as the mobile phases for Agilent Hi-Plex Pb and Agilent Hi-Plex H columns respectively.
III. RESULTS AND DISCUSSION
In order to investigate the impacts of initial sugars concentration and enzyme loading on the ethanol yield and productivity in SSF process, six experiments were performed at different conditions of investigated parameters. Table I shows the detailed conditions of the six experiments. 
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As seen from Fig. 1, Exp. 4 with the initial concentrations of 10 g/L for glucose and 9 g/L for mannose and enzyme loading of 15 FPU/g cellulose has the highest ethanol yield among all the experiments. The concentration profiles of glucose, mannose, cellobiose and ethanol are presented in Fig.  2 . In each case, glucose and mannose present in the feed stock were quickly converted to ethanol, accompanied by dramatic changes in the concentrations of glucose, mannose and ethanol within the first 2 hours. After that, the concentrations of glucose and mannose varied very slightly. Concentration of cellobiose, an intermediate product converted from cellulose by means of cellulase enzyme, increased quickly to peak values in the first 2 hours and then declined gradually. In addition, increasing the cellulase loading helps to enhance the conversion of cellulose, which is disclosed by the higher cellobiose concentration obtained from Exps. 3 & 4 shown in Fig. 2(c) .
A. Impact of Initial Concentration of Fermentable Sugars
Initial sugar concentration plays an important role in the SSF reaction. As seen from Fig. 2(d) , increasing the glucose concentration from 5 to 10 g/L and mannose from 4.5 to 9 g/L led to the higher ethanol concentration and yield when low and intermediate levels of enzyme loadings were used. Nonetheless, at relative higher enzymatic loading (20 FPU/g cellulose), increasing the initial concentration of sugars resulted in a decrease in ethanol yield although a slightly higher concentration of ethanol was obtained in case of Exp. 6 (Fig. 3) . This is reasonable, with a fixed yeast concentration being used in the SSF process, higher concentration of fermentable sugars in the feedstock helps to produce more amount of ethanol, leading to higher ethanol concentration (reaction volume unchanged). But the increase in ethanol production is limited by the yeast loading and performance. As a result, the ethanol yield with respect to the total sugars in the media decreases at high initial concentration of sugars. 
B. Impact of Enzyme Loading
Impacts of cellulase loading on ethanol yield and concentration were illustrated in Fig. 1 and Fig. 4 , respectively. For each level of initial concentration of sugars, the highest ethanol yield and concentration were obtained with an enzyme loading of 15 FPU/g cellulose. In spite of the amount of soluble glucose and mannose present at the start of SSF, increasing cellulase loading from 10 FPU/g cellulose to 15 FPU/g cellulose helps to improve both ethanol yield and ethanol concentration as illustrated in Fig. 1 & Fig. 2(c) . However, such an enhancement in ethanol production was not observed when further increasing the cellulase loading to 20 FPU/g cellulose due to the inhibitory effect of the cellobiose and glucose. High enzyme loading in the SSF process accelerates the rate of enzymatic hydrolysis, leading to higher concentrations of cellobiose and glucose, which according to [25] , exposes the yeast to high osmotic stress, influences on fermentation performance of the yeast and reduces the amount of produced ethanol. This means that for certain cellulose and yeast loading, there is an optimum enzyme loading, beyond which ethanol yield and concentration can't be increased. 
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C. Interactive Impacts of Cellulase Loading and Initial Concentration of Sugars
For SSF process with fixed substrate and yeast loading, the interplay between the enzyme loading and initial concentration of fermentable sugars is obvious. With lower initial concentration of sugars, the enhancement of ethanol yield and concentration is easily attainable by employing higher enzyme loading. However, due to the strong inhibitory effect of cellobiose and glucose, high enzyme loading results in a significant decrease in ethanol yield and concentration when the feedstock contains very high concentration of fermentable sugars. This provides useful information with respect to the optimization of SSF process. Depending on the substrate and sugar concentration in the feedstock of SSF, enzyme loading should be selected strategically.
IV. CONCLUSIONS
Influences of enzyme loading and initial concentration of fermentable sugars on the final ethanol concentration and yield of SSF process was studied in this work. Results indicated that there is a saturation of enzyme loading for each level of sugar concentration. With 5% (w/v) cellulose and 5 g dry cell/L yeast loading, ethanol concentration and yield can't be improved by purely increasing the enzyme loading.
Moreover, interactive impact of enzyme loading and initial concentration of fermentable sugars on SSF process was observed. High enzyme loading helped to increase the final ethanol concentration and yield if the initial concentration of fermentable sugars was low. However, high enzyme loading resulted in a decrease in ethanol concentration and yield when feedstock contains high concentration of fermentable sugars. Therefore, enzyme loading of SSF process need to be selected strategically from the process economics perspective. He was working as a process engineer in consulting engineering company as well as the oil refinery in tehran, iran and currently he is doing his phd in process engineering alongside research and teaching assistance at Memorial University of Newfoundland, St. John's, NL, Canada. He has publications in kinetic modeling of visbreaking reactions and life cycle assessment of bioethanol production and his current research interest include bioethanol production from lignocellulosic biomass.
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